The high degree of sequence variability that exists between different isolates of human immunodeficiency virus type 1 (HIV-1) (1, 38) poses a major problem for the development of effective methods of immunization against the virus. In particular, a major site for antibody-mediated virus neutralization in the env gene (the V3 hypervariable region [15, 17, 22, 25, 27] ) shows considerable sequence heterogeneity and rapid rates of sequence change (1, 3, 12, 20, 36, 38, 43, 46) . Furthermore, many of the amino acid changes in this region have been shown to modulate immunological recognition (22, 24, 30, 40) .
We have used phylogenetic analysis of nucleotide sequences from a set of five serial samples from a (currently) asymptomatic hemophiliac patient infected with HIV-1 to investigate the rate and direction of sequence change in each of three hypervariable regions (V3, V4, and V5 [27] ). By using a nested polymerase chain reaction (PCR) to amplify viral nucleic acids in vivo (37, 49) , sequences of proviral DNA from peripheral blood mononuclear cells (PBMCs)
were compared with those of viral RNA in plasma. We observed significant differences between the two populations in all three hypervariable regions at different points after infection. We present and discuss a model of HIV pathogenesis that takes these results into account along with the results of previous investigations of biological heterogeneity of HIV (2, 6, 41) , the cell types infected with HIV in vivo (34, 35) , and the evidence for positive selection for sequence change in hypervariable regions of the env gene (5, 36, 46 
MATERIALS AND METHODS
Patient samples. Sequential samples from a hemophiliac patient, p82, infected with HIV-1 from factor VIII prepared from Scottish blood donations in 1983 (23), were used for sequential studies of HIV sequence change. Seroconversion took place in June 1984, at which time a plasma sample was stored. Subsequent samples (from both plasma and PBMCs) from this patient were collected in June 1987, January 1988 , February 1989 , and August 1989 (1989B). Several of the batches of factor VIII transfused to p82 were given to another hemophiliac patient, p80, who also seroconverted in 1984. A PBMC sample from this second patient was taken in February 1989 and was used for sequence comparisons.
PCR product length analysis. Sequence variants that differed in length in the V4 and V5 hypervariable regions were visualized by high-resolution gel electrophoresis of amplified DNA (36, 45) . For V4 sequences, proviral DNA or cDNA was amplified first with primers e and h and then, in a second PCR, with primer f and a new antisense primer lying in the C3 region (5' ATGGGAGGGCATACATTGC; position 7539 in pHIVHXB2). To amplify V5 sequences, the second PCR was carried out with primer g and a new sense primer in the C3 region (5' GGAAAAGCAATGTATGCCC; position 7515 in pHIVHXB2). The relative proportions of sequence variants of different molecular weights within a sample was obtained by replicate amplification of undiluted proviral DNA (or viral cDNA) samples containing typically 100 to 200 molecules of target sequence. Bands were quantified by scanning densitometry of the autoradiographic image of the polyacrylamide gel with a Shimadzu densitometer.
Sequencing of HIV gpl20. Proviral DNA was extracted from PBMCs as previously described (37) . Single molecules of provirus were amplified after prior limiting dilution and TURNOVER OF HIV SEQUENCE VARIANTS IN VIVO 6267 directly sequenced to avoid errors introduced by the amplification of DNA in vitro (3, 36) . Viral RNA was extracted from plasma, reverse transcribed, and sequenced as previously described (49) . The region amplified spanned the V3, V4, and V5 hypervariable regions (27) and was amplified with primers a to h in three sequential nested PCRs as previously described (36) (8) and subsequently edited by hand. A matrix of evolutionary distances was generated by using the two-parameter model of Kimura (18) ; alignments that gave the minimum evolutionary distance between sequences were used in this study. Phylogenetic trees were constructed on the basis of the distance matrices by using the Fitch-Margoliash procedure (10) A notable feature of this analysis is the apparent clustering of sequence variants into a small number of groups. In the V4 region (Fig. la) , three groups can readily be identified (A, B, and C). Only one sequence, lying between groups A and C, does not fit into the classification. Clusters of distinct sequence types are also discernible in the V5 region (Fig.  lb) , although in this case there are more groups (here labelled A to E) and some sequences that do not fit any of the groups (indicated by ?). Sequence variation within the V4 and V5 groups is considerably less than that which exists between groups. Unexpectedly, some of the sequences from p80 were identical to those of p82 in the V4 region (group A), while some had diverged to form a group clearly distinct from V4A, -B, or -C (Fig. la) . Similarly, some of the V5 sequences from p80 were identical to those of p82 (V5A), while others fit none of the other p82 groups (Fig. lb) . As p80 and p82 shared several batches of noncommercial factor VIII in the year prior to seroconversion, and in view of the presence of identical V4 and V5 sequences in both, we infer that they were infected from the same source. Sequences of the V4A and V5A type are likely to have formed a major component of the virus population that infected both patients.
The mean within-group distances were 4.6, 5.6, and 1.0%
for the V4A, -B, and -C groups, respectively, while the mean intergroup distances ranged from 11.0% (V4A to V4C) to 30 .4% (V4B to V4C). In the V5 region, intergroup distances ranged from 16 to 55%, while within-group variability in no case exceeded 6.5%. In the V4 region, the branching pattern suggests that V4B and V4C sequence types diverged independently from V4A, the group that contains sequences found at seroconversion and those that are shared between p80 and p82. The major V5 groups also appear to have evolved independently from V5A. However, the distances between groups are so large that definite conclusions about such relationships cannot be made with these sequence data.
Amino acid sequence variation in V4 and V5. Figure 2 shows the translated sequences in the V4 region, divided into the groups indicated by the phenogram, to illustrate the differences between sequences within groups and the much greater differences between groups. The consensus sequences of V4A, -B, and -C are clearly distinct from each other, whereas in each of the three groups, individual sequences rarely differ from each other by more than two to three amino acid residues. Similarly, the potential sites for N-linked glycosylation in the hypervariable regions differ considerably between groups (indicated by # in Fig. 2 ). Within groups, the number and spacing of sites are relatively constant, although V4B is more variable in this respect, containing similar numbers of variants that differ at one or two of the four potential sites in the region.
The V4 region is known to show considerable variability in length among different isolates (1, 12, 27, 38) and also between proviral sequence variants within a single sample (36, 45) . Comparison of the consensus sequences in this region from p82 ( Fig. 2) reveals that virtually all V4B variants consist of 17 amino acid residues between the relatively more-conserved flanking regions (..FNSTW----<V4>----ITLPCR ... ), with only three exceptions (sequences 7, 8, and 16) which are two or three amino acids longer. Similarly, the lengths of all but three (2, 3, and 4) of the V4C sequences are constant, at 18 amino acids between the conserved flanking regions.
The lengths of the V4A sequences are somewhat more variable. Sequences of type 1 of V4A from p82 and the four sequences of type 1 of p80 are identical at both the amino acid and nucleotide levels and are all 15 amino acids long, the same length as V4A-2 and V4A-3. However, in both individuals, longer V4 sequences are also found: in p82, there were three additional sequences of 20, 22, and 24 residues (sequences 5, 4, and 3 respectively), and in p80, there were four sequences of 27 amino acids and one of 26.
Variation in the V5 region ( Fig. 3) shows many of the characteristics of variation seen in V4. The consensus sequences of the five groups (V5A to E) differ considerably from one another, while sequence variation within groups is minimal, particularly in groups B to E. Group A sequences, defined by the phylogenetic tree (see above), appear to contain two types of sequences at the amino acid level (sequences 4 and 5 appear distinct from the others), although for the purposes of analysis (see below), the numbers of sequences are so small as not to justify further subgrouping. The pattern of N-linked glycosylation sites is also well conserved within groups, and the overall lengths of the regions (between ...TRDGG---<V5>---FRPGG....) are 7 to 10, 8, 12, 8 , and 8 residues in groups A to E, respectively. Sequence type 1 from p80 (n = 3) in the V5 region is identical to V5A-1 (n = 3) of p82 ( Fig. 3) , while the other relatively small number of other sequences from p80 differ considerably from the common type and from each other. Further analysis would be necessary to find out whether sequences from this patient grouped into distinct types as they appear to do in this region from p82.
Sequence change in the V4 and V5 regions. Having defined and analyzed the sequence groups in the two hypervariable regions, the classification can be used to study sequence
, .-- i -er-dp-il ... 1 Con GLLLTRDGGng----?etE?fRPGGG 9 VSA-1 the VS hypervariable region (Fig. 4b) . Whereas V5A sequences were found at seroconversion in the plasma, these were replaced successively by V5B in 1987, V5C in 1988, and finally by V5D and -E in 1989. A similar progression was also observed in the proviral population. In 1987, approximately half of the sequences were of seroconversion type A. The almost complete replacement of these sequences by V5B and V5C took place in the following two years. In turn, V5D and -E appeared to be in the process of replacing VSC by the end of the study period.
Differences between DNA (proviral) and RNA (viral) populations. At several time points, there were considerable differences in the frequencies of different sequence types in the DNA and RNA samples. For example, the 1988 DNA sample contained predominantly V4B sequences in PBMCs (10 of 11) yet mainly V4C sequences in the plasma samples (8 of 11). Similarly, the preponderance of V5C sequences in the two 1989 DNA samples (6 of 9 and 8 of 13) contrasted with the infrequency of their detection in the corresponding plasma samples (2 of 13 and 2 of 7). The appropriate statistical procedure for comparing frequencies in small samples, Fisher's exact test, was used to test the significance of these differences. The frequencies of V4 variants in the 1988 sample and of V5 variants in the 1989A sample were found to be significantly different between the PBMC proviral and plasma RNA populations (P < 0.01 and P < 0.05, respectively).
The relative frequencies of the various sequence types in the V4 and V5 regions was also estimated by high-resolution gel electrophoresis of amplified DNA (36, 45) . As indicated previously (Fig. 2) (Fig. 4) is also shown by this length analysis; both DNA (lanes d) and RNA (lanes e) contain predominantly V4C sequence types.
The relative numbers of V4B and V4C sequences were quantified by scanning densitometry (Table 2 ). To show that representative numbers of sequence variants had been amplified, each sample was amplified in replicate to allow two independent samplings of the populations present. The reasonably close agreement between all of the replicates confirmed that the populations sttidied (>100 sequences in each sample) were sufficiently large to prove that the differences between the populations at both time points were not due to sampling error. Furthermore, the relative proportions agree closely with those determined by sequence analysis (Fig. 4) . V4B sequences while the RNA sample contained only 42 to 48%. The corresponding numbers of V4B sequences are 10 of 11 and 3 of 11 in these two samples. Similarly, the 1989 DNA sample contained 84 to 85% V4C sequences by densitometry, compared with 10 of 11 by sequence analysis, while the RNA population was uniformly V4C by both methods. An equivalent analysis of the V5 region was carried out, and the discrepancy between the relative numbers of (i) VSC and (ii) V5D and V5E in the two populations was investigated. V5C differs in length from V5D and -E by 12 nucleotides (Fig. 3) . Figure Sb confirms the existence of a marked difference in the relative numbers of the two sequence types in both the 1989A and 1989B samples. Ignoring the sequences that are of intermediate length between the two main types and whose classification is uncertain, the majority of DNA sequences are V5C in both the 1989A and 1989B samples (63 to 78%), which is comparable to the numbers of sequences found previously (6 of 9 and 8 of 13). By contrast, 68 to 82% of the corresponding RNA sequences were of type D or E, reflecting their frequency of detection by sequence analysis (11 of 13, 5 of 7) at the two time points.
Having established by two methods that significant differences exist between the two populations at at least three time points, a more detailed consideration of the origin of these differences is justified. A general trend that is found in both the V4 and V5 regions is for RNA sequences to turn over more rapidly than the corresponding DNA sequences (Fig. 3) . For example, the seroconversion type V4A sequence is completely replaced in plasma by 1987 yet forms a substantial proportion of sequences in PBMCs at that time. Similarly, the difference in the relative numbers of V4B and -C sequences in the 1988 sample and the replacement of V5C with the VSD and -E variants in the 1989 sample could be interpreted as a more rapid transition to a new sequence type in the plasma. The possible mechanisms and the consequences of this observation are discussed below in relation to current models of HIV pathogenesis.
Linkage of V4 and V5 sequences. between hypervariable regions was that the frequencies of sequence types varied independently from each other. For example, it can be seen from Fig. 4 that the predominant virus type in the V4 region remained V4C at a time when VS sequences were changing from V5C to VSD and -E. Similarly, while V4A sequences were being replaced by V4B in 1987 to 1988, VS sequences underwent two replacements from V5A to VSB and then to V5C over the same interval. However, the changes in the frequencies precluded a statistical investigation of association between variants (linkage disequilibrium).
Combinations of V4 and VS sequences showed a higher rate of turnover than that of the different sequences considered separately. This led to even greater differences between the DNA and RNA populations at a given time point. For example, in 1987, most of the RNA sequences were of combined type BB, while the DNA was predominantly BA. In 1988, RNA genotypes were almost exclusively CC, while those of DNA were mainly BC (data not shown). Significant differences between the frequencies of V4-V5 combinations between the DNA and RNA populations were found at all four time points (data not shown).
By using the data on the frequencies of V4 and V5 combinations, the following succession of genotypes was observed over the 5-year follow-up period:
AA-* BA-* BB-* BC-* CC-* CD -> CE This temporal succession of genotypes does not necessarily imply that each preceding form was ancestral to the variant that succeeded it. In the V4 region ( Fig. 1 ), V4B and V4C appear as lineages entirely independent from V4A, although the accuracy of the phylogenetic analysis is limited by the extremely high rate of sequence change in this region. If the derived V4 and V5 sequences have evolved independently from the seroconversion type, then recombination must have occurred in vivo to generate the combinations of sequences found (Table 3) . Sequence change in the V3 region. The role of the V4 and VS regions in antigenic recognition has not yet been defined. To investigate whether the difference in the sequence types in the DNA and RNA populations would lead to alterations in the susceptibility of the virus to antibody-mediated neutralization, a set of sequences similar to those of the V4 region were obtained in V3. In Fig. 6 , we show the sequences obtained from these samples at the center of the V3 loop which include epitopes that have been implicated in both antibody-mediated and cytotoxic T-cell recognition (22, 40 
DISCUSSION
Rate of sequence change in gpl20. In this study, we have produced evidence for rapid sequence change in three hypervariable regions of env. This finding was anticipated by our own cross-sectional studies of sequence evolution in a cohort of hemophiliac patients infected from a common source (3, 36) and of the V3 sequences of six children infected from a single plasma donation (46) . Although neither study determined the infecting sequence population, the existence of substantial sequence variation among individuals 3 to 5 years after infection allowed an estimate of the rate of sequence change from a calculated common ancestor (in terms of percent nucleotides per year) to be made (3) . The model used for this calculation allows for differences in the rate of sequence change among individuals, and the nucleotide distance estimates are corrected for multiple substitutions (18) , but this approach does not account for convergence of sequences due to selection. It also assumes a steady accumulation of substitutions with time.
We have shown here that sequence evolution in p82 was indeed more rapid than that in p80, but, more important, that substitutions do not accumulate steadily with time. Sequence change in p82 over the five years of follow-up consisted of a series of replacements of one particular sequence type with another. We have shown that succeeding sequence types were not necessarily directly derived from the previous sequence; for example, V4C succeeded V4B in 1988 to 1989, yet V4B may not be the immediate ancestor of any of the V4C sequences (Fig. 1) . sequences from the seroconversion type. Further evidence for the existence of hidden evolution is provided by the repeated observations in both the V4 and V5 regions that each succeeding sequence type is not obviously more related to those that come before or after it than they are to the sequence of the original infecting virus.
It has frequently been argued that sequence change in the env region may be an adaptive response by HIV to evade recognition by the immune system. Several studies have shown high rates of amino acid substitutions precisely in those areas of the immunodominant loop that are the targets of B-cell and T-cell recognition (1, 3, 12, 20, 36, 38, 44, 46) and in the equivalent region of the simian immunodeficiency virus genome of infection of rhesus monkeys (5) . Indirect evidence for positive selection for sequence change in V3 is provided by a depressed synonymous-to-nonsynonymous ratio (KsIKa [21] ) of nucleotide substitutions, significantly below 1, in the V3 loop region (36 (15) , although titers were lower than that of the antiserum raised against the V3 peptide, consistent with other peptide mapping studies (11, 17, 25, 28, 30, 32) . However, the mature HIV gp120 protein is heavily glycosylated (19) (43) . Consistent with their function in antigenic recall, it has been shown in humans (7) and by adoptive transfer in mice (16) Thus, defective viruses probably contribute little to persistent, nonlytic infection of lymphocytes.
An alternative explanation for the failure of HIV to kill the cell it infects is that the provirus may integrate into sites in the human genome that preclude or reduce the efficiency of cellular and viral mechanisms of transcription initiation, as has been described for other retroviruses (42) .
Finally, the variants detected in the PBMC population may be replication competent and capable of activation but may contain mutations that make them less cytopathic for lymphocytes and allow the infected cells to survive. Supporting this latter possibility is the extensive in vitro evidence that isolates from HIV-infected individuals taken in early stages of infection are often noncytopathic for T lymphocytes, grow poorly in culture, and are incapable of any growth in T cell lines ("slow/low variants") (2, 6, 41) .
Virus variants in cells that have survived infection with HIV may therefore be a highly selected subset of the original infecting virus strain, whose noncytopathic (or defective) properties ensure their long-term survival without any need for continuous replication.
Origin of plasma and PBMC virus populations. We have provided extensive evidence for the existence of differences in the frequencies of different sequence types of virus present in plasma compared with those of proviruses present in HIV-infected PBMCs. Corroboration of the results obtained from sequencing ( Fig. 3) was obtained by length analysis of amplified PCR products (Fig. 5 and Table 2 ), which discounted any effect of sampling error due to the small number of sequences. That there should be a difference between the two populations was unexpected, although it is not necessarily inconsistent with current theories of the pathogenesis of HIV (see below).
A consistent observation of this study was that each of the sequence types that initially appeared in the plasma RNA population eventually became the predominant PBMC sequence type. For this reason, the hypothesis that the unequal distribution of sequence types can be explained by their differing cell tropisms cannot be sustained. Similarly, comparisons of V3 proviral sequences in brain and spleen biopsy samples from three HIV-infected individuals has failed to reveal any systematic tissue-specific sequence differences (9) . Only one of the three individuals showed major differences in the frequencies of distinct sequence types between the two tissues, and in the light of the data presented here, it is clearly possible that this difference was merely temporal.
The source of virus in the plasma could therefore be a subset of transcriptionally active CD4+ lymphocytes, or virus could be secreted into the circulation by cells sequestered in solid tissue. It has been shown that plasma of both symptomatic and asymptomatic individuals is infectious (14) , and thus infection of PBMCs may be a self-sustaining process. Infection, and continued sequence evolution of HIV, may indeed take place in peripheral CD4+ lymphocytes.
Despite the high titers of infectivity of plasma in vitro, only a low proportion of T lymphocytes are infected in vivo (31, 35, 37) , and an even lower proportion expresses detectable levels of virally encoded mRNA (13) . Productive infection of T lymphocytes is thought to require T-cell activation by specific antigen or mitogen (39, 47, 48) ; thus, the observation that only 1 in 100 to 1 in 100,000 T tively infected with HIV of the sequence types present in the plasma. The relative proportions of the two types of DNA would depend on the degree of infectivity of the plasma. We have previously shown that the amount of viral RNA present in plasma of HIV-infected individuals varies considerably, although there is a trend for symptomatic individuals to show higher concentrations than asymptomatic individuals (49) . Similarly, the infectivity titers of plasma samples from patients with AIDS and AIDS-related complex were considerably higher than in those from patients with no evidence of clinical progression (14) . Thus, in the early asymptomatic stages of infection, the majority of DNA sequences may remain of the seroconversion type, while, on progression, higher levels of infectious virus lead to increasing numbers of proviral sequences from secondary infection of lymphocytes, whose sequences would correspond to those of the plasma virus. It is notable that the apparent replacement of HIV sequences in PBMCs took place at a time when the proportion of infected cells was increasing (Table 1) . Entirely consistent with the data given is the hypothesis that PBMCs containing the seroconversion type sequences remained in similar numbers for several years but were not detected after 1987, because they were numerically overtaken by the increasing numbers of PBMCs containing proviral sequences of the derived V4 and V5 sequence types.
The most direct test of whether plasma viral sequences are preferentially expressed in PBMCs is to compare the population of HIV mRNA sequences with those of PBMC provirus and plasma sequences. Unfortunately, it would not be possible to differentiate genuine mRNA sequences from viral RNA sequences that are present in the cytoplasm as a result of infection from plasma. According to the model advanced by Zack et al. (47) , even nonactivated T cells may be susceptible to HIV attachment and entry; thus, within a PBMC sample, a large proportion of T lymphocytes may contain intact RNA templates from exogenous virus.
A major consequence of the difference in the compositions of the DNA and RNA populations is that sequential studies of virus evolution that are based on viral isolations from PBMC samples may be misleading. Because new sequence variants are initially more common in plasma than they are in PBMCs, isolations from the latter source may be composed predominantly or exclusively of previous virus types, possibly even of the seroconversion sequence. We are currently studying antigenic recognition of sequence-dependent epitopes in the V3 region to investigate the time course of development of specific immunity in p82, using oligopeptides corresponding to each of the different RNA and DNA sequences obtained in this study.
